The nematode Caenorhabditis ekgans pro- 
Multiple isoforms of myosin heavy chain (MHC) are expressed in the muscle tissues of most organisms (1) (2) (3) (4) (5) . In many systems, the activation of the MHC genes encoding these isoforms is developmentally controlled (2, 3) and subject to neural (4) or hormonal regulation (3) . Little is known, however, about the mechanisms of differential MHC gene expression or about the specific contributions of individual MHC isoforms to muscle physiology and structure.
In the small soil nematode Caenorhabditis elegans four distinct MHC isoforms, A, B, C, and D, are expressed in a tissue-specific and developmentally regulated regulated manner. MHC A and MHC B are produced in the body muscle cells, whereas MHC C and MHC D are synthesized exclusively in the pharyngeal musculature (5) (6) (7) (8) . Studies of larval morphogenesis have indicated that MHC A and MHC B accumulate in a constant ratio, suggesting that their expression is coordinately regulated (9) . There is no evidence that embryonic stages of C. elegans express unique MHCs, unlike vertebrate embryos (3) .
The C. elegans MHC isoforms can be distinguished by monoclonal antibodies raised against native nematode myosin (7, 10) . Immunohistochemical analysis of muscle tissue and isolated thick filaments has shown that MHC A and MHC B are incorporated into different domains of a single kind of body wall muscle thick filament. MHC A occupies the central region of each thick filament and therefore would appear to participate in the initiation of filament assembly. MHC B is present in the lateral portions of the filament and is exclusively involved in the reactions that elongate the structure (10).
Studies of numerous mutations that affect the MHC B and produce disorganized body wall muscle have shown that the unc-54 locus encodes MHC B (5, 8, 11, 12) . Three other myosin heavy chain genes, myo-J, myo-2, and myo-3, have been isolated from bacteriophage X genomic libraries probed with labeled restriction fragments from the unc-54 gene. Preliminary sequence analysis of these clones suggested that each encodes a distinct heavy chain (11, 13) . However, mutations linking these MHC isoforms and the myo-1, myo-2, or myo-3 genes have not been found. Therefore other approaches were needed to determine if these genes are transcribed, and if so, which ofthe additional isoforms (MHC A, C, or D) they produce.
We have answered these questions by using a plasmid vector to express portions of each of the cloned MHC genes in Escherichia coli as fusion proteins with /3-galactosidase (14) . The hybrid proteins were screened with a panel of specific monoclonal antibodies (7, 10) HindIII fragments from bacteriophage X clones of nematode MHC genes were cloned in the lacZ' expression vector pUR288 (14) . The vector was cleaved with HindIll and treated with alkaline phosphatase prior to fragment insertion. Recombinants were recovered after transformation ofEQ192 (supF-, F'lacZ'M15 laclQ) and selection for ampicillin resistance. Colonies were screened immunologically as described below. The X clones were SG24/1, unc-54; SG25/32, myo-J; SG25/39, myo-2; and SG25/23, myo-3 (13) . The (-10 ,g/ml). The filters were incubated for 5 min with wash buffer (150 mM NaCl/20 mM Tris HCl, pH 7.4) containing 0.05% Nonidet P-40 and then for 10 min with wash buffer alone. After a 1-to 3-hr incubation with the horseradish peroxidase-coupled anti-mouse IgG (1:500 in blocking solution), the filters were washed as above and immersed in substrate solution (0.05% 4-chloro-1-naphthol/100 mM NaCl/0.02% H202/50 mM Tris HCl, pH 7.4) (17) . Staining indicating myosin-positive colonies usually appeared within seconds.
Analysis of Fusion Proteins. Immunoreactive colonies were grown for 3-5 hr at 37°C in 1 ml of 2x TY medium containing ampicillin at 50 ug/ml and isopropyl fB-D-thiogalactoside at 200 ,g/ml. The bacteria were resuspended in 50 ,ul of water and lysed by addition of 50 ,l of 2x sample buffer [10% (wt/vol) NaDodSO4/10% (vol/vol) 2-mercaptoethanol/1 mM EDTA/15% (wt/vol) sucrose/125 mM Tris-HCl, pH 6.8]. The tubes were boiled for 5 min and debris was removed by centrifugation for 15 min in an Eppendorf microcentrifuge. The supernatants were diluted 1:5 into 1 x sample buffer, and 1-2 ,u was applied to NaDodSO4 Laemmli gels for immunoblotting (10) . RESULTS Nematode MHC Gene Family. The unc-54 gene was the first member of the C. elegans MHC gene family to be cloned and sequenced (8, 11) . Mutations that deleted portions of the unc-54 gene were used to distinguish the unc-54 clone from other members of the MHC family and to demonstrate that unc-54 encodes MHC B (8) . Comparisons between the deduced amino acid sequence of the unc-54 heavy chain and other known MHC sequences, including that of rabbit skeletal myosin, showed that MHCs are well conserved, especially in the head region (11) . To identify the remaining MHC genes, a genomic library from C. elegans was screened with probes derived from the unc-54 sequences encoding both the head and rod regions of MHC. Three new genes, myo-1, myo-2, and myo-3, were isolated.
The structures of the MHC genes, determined by DNA sequencing, are shown in Fig. 1 . Only the sequence of the unc-54 gene is complete, but extensive regions of the other three genes have been sequenced (J.K., I. Maruyama, and N. J. Dibb, unpublished data). The coding sequences of the genes are highly homologous, with the S1 regions showing 82% matching amino acids and the S2 and LMM regions showing 53% matching amino acids. However, each gene includes uniquely placed introns and distinct sequence features (13) .
Design of the Experiments. The structural studies of the nematode MHC genes strongly suggested that each gene specifies a separate myosin isoform. To demonstrate that these genes are transcribed and to determine which isoform they produce (MHC A, MHC C, or MHC D) we expressed fragments of each MHC protein in bacteria (14) for reaction with isoform-specific monoclonal antibodies (7, 10) .
In each gene the entire S2 region and most of the LMM region is encoded by a single long exon. Eighteen monoclonal antibodies are available, most of which recognize epitopes in the MHC rod (7, 10) fusion proteins derived from this region would be detected in immunoassays with at least some of these antibodies.
The construction of suitable clones was greatly simplified by our observation that the rod regions of each MHC gene contained numerous short HindIII (A I AGCTT) fragments.
All the HindIII sites showed the same translational phasing because each derived from the frequent appearance of the dipeptide sequence Lys-Leu (AAG-CTT). The HindIII fragments were cloned in a single expression vector, pUR288 (14) . This plasmid allows insertion of DNA restriction fragments into a polylinker located near the 3' end of the lacZ gene (with an appropriate phasing).
Detection of Fusion Proteins. Colonies expressing fusion proteins were identified by immunoassays (16) of nitrocellulose filter replicas either with rabbit antiserum to nematode myosin (8) or with monoclonal antibodies (7, 10) . Clones expressing fusion peptides encoded by most of the HindIII fragments from the rod region of each MHC gene were isolated in this manner (Fig. 2 and Table 1 ).
The induced fusion proteins constituted a major fraction of the bacterial protein and migrated on NaDodSO4/polyacrylamide gels in the expected high molecular weight range between P-galactosidase (Mr 116,000) and nematode MHC (Mr 226,000) standards ( Fig. 2A) . Most of the clones contained a single inserted HindIII fragment (as determined by restriction endonuclease mapping). For these clones, the relative sizes of the hybrid proteins are directly related to the length ofthe MHC HindIII insert. The coding sequence ofthe 2156-bp HindIII fragment from myo-2 is interrupted near its 3' end by a short intron (Fig. 1) Fig. 2A) . Immunological Identification of MHC Genes. Immunoblotting was used to define the reactivity of the fusion peptides with each of the monoclonal antibodies. Some examples are shown in Fig. 2 ; complete results are presented in Table 1 . The patterns of reactivity of the monoclonal antibodies establish that each of the four MHC genes encodes one of the four MHC isoforms.
Antibody 5-6 is highly specific for an epitope in the S2 region of MHC A (10). This antibody reacts only with the hybrid protein encoded by the 460-bp HindIII fragment from the S2 domain of the myo-3 gene and does not recognize epitopes encoded by homologous fragments from the other three MHC genes (Fig. 2B) . Similarly, antibody 9.2.1, which is specific to MHC C (7), preferentially recognizes the large fusion peptide encoded by the 2156-bp HindIII fragment from the myo-2 rod domain (Fig. 2C) . The reaction of the MHC B-specific antibodies, 5-2, 5-3, and 12.1, with specific fragments from unc-54 is in agreement with the earlier assignment of MHC B to this gene ( Table 1 ). The occurrence of direct amino acid sequence repeats within the unc-54 rod region (18) may account for the reaction of antibody 12.1 with an epitope encoded by both the 117-bp and the 294-bp HindIII fragments of the unc-54 gene.
A number of antibodies tested showed multiple reactivity towards the different MHCs (7, 10). These antibodies showed (Fig. 1) . Immunoblots of the gel shown in A reacted with antibody 5-6 (B), antibody 9.2.1 (C), and antibody 28.2 (D). Nematode myosin (MHC Mr 226,000) and E. coli ,B-galactosidase (P-gal; Mr 116,000) standards were run in the outside lanes of the gel, and the MHC is visible in each blot.
Biochemistry: Miffer et al. (Fig. 2D ) but also exhibits a weak reaction with the fusion peptide from the 460-bp fragment of myo-3. Antibody 25.1 shows affinity for MHC B and MHC A and also reacts with the fusion peptides from the 357-bp fragment of unc-54 and the 460-bp fragment of myo-3. These patterns of antigenicity confirm the assignment of MHC A to the myo-3 gene. The reactivity ofantibody 5-12 is consistent with the identification of myo-2 as the gene for MHC C; this antibody recognizes both MHC C and MHC B and reacts with the fusion peptide of the 2156-bp myo-2 fragment and the fusion peptide of the 1054-bp unc-54 fragment.
The evidence linking myo-1 to MHC D is less direct than the evidence linking myo-3 to MHC A and myo-2 to MHC C. MHC A and D migrate as a single band on NaDodSO4 Laemmli gels and thus were not resolved on the original immunoblots used to classify the reactivity ofthe monoclonal antibodies (see * footnote of Table 1 ) (6). However, since antibody 5-25 reacts strongly with an immunoblot of the A + D MHC band from Laemmli gels and with the epitope encoded by the 1577-bp fragment of myo-1 (Table 1) , myo-1 must encode either MHC A or MHC D. Given that MHC A is clearly assigned to gene myo-3 by antibody 5-6 (see also Discussion), it follows that myo-J must encode MHC D.
Six ofthe 18 antibodies we tested Taken together, our data suggest the following assignments: myo-1 encodes MHC D, myo-2 encodes MHC C, myo-3 encodes MHC A; and unc-54 encodes MHC B. DISCUSSION C. ekgans Has Four Sarcomeric MHC Genes. We have utilized recombinant DNA and immunological approaches to identify the myosin isoforms encoded by each of the four cloned C. elegans MHC genes. Hybrid proteins representing most of the rod region (and all of the S2 region) of each MHC isoform were produced in E. coli. Specific monoclonal antibodies were allowed to react with these fusion proteins to identify DNA fragments encoding epitopes from each of the four MHC polypeptides.
Our results indicate that each nematode MHC isoform is encoded by a discrete gene. MHC isoforms in vertebrates also appear to be encoded by separate genes (1) (2) (3) . In Drosophila at least two different MHC isoforms are produced from a single gene by developmentally regulated RNA splicing (19) . It is likely that the four MHC genes unc-54, myo-1, myo-2, and myo-3 represent the entire nematode sarcomeric MHC gene family. No other MHC-like sequences were detected in exhaustive screens ofgenome banks from C. elegans or on Southern blots (J.K., unpublished observations) (11, 13) . The reactivities of the monoclonal antibodies with the fusion peptides are also in agreement with this conclusion. We tested 12 different monoclonal antibodies (7, 10) that recognize epitopes encoded by fragments from all four genes. The patterns of reactivity that we observed are fully consistent with a one-to-one correspondence between the cloned MHC genes and the known myosin isoforms.
Genetic Implications. Now that the identity of each MHC gene is established it should be possible to apply genetic methods to further study the functions of the MHC isoforms. In situ hybridization experiments show that the nematode MHC genes are not clustered but are distributed on three different chromosomes at discrete locations. The myo-3 gene hybridizes to a region of chromosome V that includes the sup-3 locus (20) . Sup-3 mutations are suppressors of the uncoordinated phenotype conferred by unc-54 null alleles and by a missense mutation in the gene for paramyosin, unc-15 (21) . Improved movement is correlated with the increased accumulation of MHC A, which apparently compensates either for the absence of MHC B or for defective paramyosin (6) . Recent experiments show that the sup-3 mutant eDfJ produces a new restriction digestion pattern in a region adjacent to the myo-3 gene and contains multiple copies of the myo-3 gene (22) .
Epitope Mapping. The methods ofproteolytic cleavage and immunoelectron microscopy have been employed to map the recognition sites of monoclonal antibodies to myosins from several organisms. Binding of antibodies to these epitopes has identified subregions of the myosin molecule that are involved in filament formation, ATPase activity, and the ability of myosin to catalyze movement in vitro (23, 24) . We have mapped the epitopes of 12 monoclonal antibodies to fusion peptides encoded by MHC gene fragments ranging in size from 2156 to 117 bp. It should be possible to define these epitopes more accurately by expressing still shorter fragments. This information may be useful for correlating antibody decoration of native thick filaments with the proposed structure of the myosin rod (18) and with alternative models of myosin packing in the thick filament (25 (10) .
The complete nucleotide sequence of the MHC B gene has been previously determined and a structural model of the myosin B rod has been deduced. MacLachlan and Karn (18) have shown how the periodic array of hydrophobic residues specifies the coiled-coil structure of the rod and how the alternating bands of positive and negative charge on the surface of the rod would allow packing in the thick filament based on staggers of98 residues (i.e., axial repeat of 145.5 A).
These basic features are preserved in the known MHC A rod sequence, but limited regions of significant sequence divergence from the MHC B gene are present. We expect that further analysis of these sequences will begin to reveal the molecular basis for the different interactions of the myosin A and myosin B isoforms during the assembly of the nematode thick filament.
A consideration of the myosin sequences alone, however, is unlikely to provide a complete explanation of these events. Differential assembly of the myosins may also depend upon specific interactions with other thick filament components. In addition to myosin A and myosin B, the C. elegans body wall thick filament contains paramyosin (27) . This rodlike protein occupies the core region of invertebrate muscle thick filaments and interacts with myosin molecules on the surface (28) . The unc-15 gene, which encodes paramyosin, has recently been cloned, making studies of its sequence possible (H. Kagawa, J.K., and S. Brenner, unpublished results).
Biochemical and ultrastructural studies have also revealed that the core of the C. elegans thick filament contains another major component in addition to paramyosin (29) . Finally, specific mutations that disrupt thick filament structure have identified genes that either encode as yet uncharacterized thick filament components or express functions required for thick filament assembly (30, 31) . We expect that continued molecular and genetic studies of the muscle-defective mutants of C. elegans will help elucidate muscle structure and the mechanisms of muscle assembly.
